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HIGHLIGHTS 


►  The  over-discharge  performance 
Li4Ti5  xZnxOu  (0  <  x  <  0.2)  anode  is 
first  reported. 

►  Zn  doping  improves  the  conduc¬ 
tivity  and  reversibility  of  the 
Li4Ti5012. 

►  Li4Ti4.sZno.2O12  anode  remarkably 
exhibits  high  rate  performance. 
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Microscale  Li4Ti5_xZnxOi2  (0  <  x  <  0.2)  particles  with  high  phase  purity  were  synthesized  by  a  simple 
solid-state  reaction.  The  effect  of  the  zinc  doping  on  the  physicochemical  properties  of  Li4Ti50i2  (LTO) 
was  extensively  studied  by  TG-DSC,  XRD,  Raman  spectroscopy,  SEM,  CV,  EIS,  and  galvanostatic  charge- 
discharge  testing.  The  crystallization  of  lithium  titanate  oxide  forms  at  about  750  °C.  The  lattice 
parameter  of  the  Zn-doped  LTO  samples  is  slightly  smaller  than  that  for  the  pure  LTO  samples,  and 
zinc  doping  does  not  change  the  basic  LUTisO^  structure.  Even  though  the  material  has  a  particle  size  of 
1—2  pm,  Zn-doped  LTO  shows  very  high  excellent  capacity  retention  between  0  and  2.5  V.  Especially,  in 
rate  performance,  the  Li4Ti4.gZno.2O12  sample  maintains  capacity  of  about  180  mAh  g  1  until  5  C  rates 
after  200  cycles,  while  the  pure  LTO  sample  shows  severe  capacity  decline  at  corresponding  rates.  The 
reason  for  the  high  rate  performance  of  Zn-doped  LTO  anode  is  ascertained  to  the  diffusion  coefficient 
(Dy)  and  reversible  intercalation  and  deintercalation  of  lithium  ion.  The  superior  cycling  performance 
and  wide  discharge  voltage  range,  as  well  as  simple  synthesis  route  and  low  synthesis  cost  of  the 
Zn-doped  LTO  are  expected  to  show  a  potential  commercial  application. 
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1.  Introduction 

New  generation  lithium-ion  batteries  have  been  considered  as 
the  important  power  source  for  EV,  HEV  and  PHEV  due  to  the 
properties  in  terms  of  lightness,  compactness,  working  voltage  and 
energy  density.  However,  the  large  use  of  lithium-ion  batteries  for 
low  emission  vehicles  is  presently  slowed  down  by  a  series  of 
issues,  the  most  critical  of  them  being  concerns  about  safety  [1], 
One  of  the  key  safety  issues  would  be  the  dendritic  lithium 
growth  on  the  anode  surface  at  high  charging  current  because 


T.-E  Yi  et  al.  /  Journal  of  Power  Sources  215  (2012)  258-265 


259 


the  conventional  carbonous  materials  approach  almost  0  V  versus 
Li+/Li  at  the  end  of  Li  insertion  [2],  Developing  anode  materials 
with  high  safety  is  one  of  the  key  challenges  for  lithium-ion 
batteries.  LUTisO^  (LTO)  has  been  investigated  as  a  powerful 
anode  material,  because  of  its  mid-discharge  voltage  close  to  1.55  V 
versus  Li+/Li  and  high  structural  stability  (zero-strain  insertion 
material)  in  the  charge-discharge  process  [3-8],  Unfortunately, 
the  electrochemical  properties  of  LTO  might  not  be  sufficient  for 
high  current  applications  before  any  materials  modifications  due  to 
the  poor  electronic  and  lithium-ionic  conductivities  [9],  As  a  result 
several  methods  have  been  used  to  increase  electronic  conductivity 
with  the  intent  of  improving  rate  capability.  These  include  forming 
a  composite  of  LLjTisO^  and  a  conductive  second  phase,  doping 
L4Ti50i2  with  Zn2+  [10],  Mg2+,  Ni3+,  Al3+,  Cr3+,  Co3+,  Fe3+,  Mn3+, 
Ga3+,  Zr4+,  Mo4+,  V5+,  Ta5+,  Nb5+  [11,12],  F"  and  Br  in  Li,  Ti  or  O 
site  [13],  In  addition,  the  higher  working  potential  of  LTO  compared 
with  other  anodes  also  limits  the  application  LTO  for  high  energy 
density  devices  because  energy  density  is  basically  defined  as  the 
product  of  capacity  and  working  potential.  In  addition,  it  is 
important  to  study  the  over-discharge  behaviors  of  negative  elec¬ 
trode  materials  at  lower  voltage  considering  the  safety  resulting 
from  short  circuit  or  abuse  of  anode  material.  There  is  not  much 
report  to  operate  LTO  at  a  lower  working  potential  less  than  1  V. 
Our  groups’  report  [12,14]  suggests  that  this  spinel  anode  has 
a  relatively  higher  discharge  capacity,  because  it  displays  reversible 
capacity  in  the  lower  operating  voltage  range  (0—2  V)  than  that 
previously  contemplated.  It  is  well  known  that  the  zinc  is  abundant 
and  less  expensive  than  the  many  transition  metals,  so  Zn- 
substituted  LLtTi50i2  spinel  is  expected  to  be  an  anode  material 


with  lower  cost  than  other  transition  metals  substituted  Li4Ti5Oi2. 
Zhang  et  al.  [10]  reported  the  doping  with  Zn2+  in  the  form  of 
Li4_xZnxTi50i2  (x  =  0, 0.25, 0.5, 1 ),  and  rate  capability  of  LTO  cycled 
between  1  and  2.5  V  is  improved.  To  our  knowledge,  no  investi¬ 
gation  was  reported  on  the  electrochemical  characteristics  of  Zn- 
doped  LTO  (Li4Ti5_xZnxOi2)  in  the  Ti  site  discharged  to  0  V. 
Although  LTO  can  be  synthesized  by  sol-gel  method  [15], 
composite  molten-salt  method  (CMSM)  [16]  and  modified  rheo¬ 
logical  phase  reaction  [17],  etc.,  they  have  some  other  disadvan¬ 
tages,  such  as  complicated  synthetic  routes  and  high  synthetic  cost, 
which  is  difficult  for  commercial  applications.  From  a  commercial 
viewpoint,  the  solid-state  synthesis  of  LTO  powders  exhibits 
a  potential  commercial  application  due  to  the  simple  synthesis 
route  and  low  synthesis  cost.  In  the  present  work  we  report  on  the 
study  performed  on  Zn-doped  Li4Ti50i2  compound  in  the  Ti  site 
prepared  by  a  solid-state  method.  A  careful  investigation  has  been 
carried  out  to  give  new  insights  into  the  structural  properties,  the 
rate  performance,  over-discharge  performance  (discharged  to  0  V), 
and  the  doping  effect  on  the  conductivity  of  the  material. 

2.  Experimental 

The  Zn-doped  powder  samples  were  prepared  by  treating  in  air 
at  1123  K  for  24  h  a  mixture  of  TiCh,  Li2C03,  and  Zn(N03)2-6H20  in 
proper  amount,  to  form  Li4Ti5_xZnxOi2  (x  =  0,  0.05,0.1,  0.15,  0.2). 

The  electrodes  for  electrochemical  testing  were  prepared  by 
pasting  a  slurry  containing  80  wt%  Li4Ti5_xZnx012, 10  wt%  carbon 
black  and  10  wt%  polyvinylidene  fluoride  (PVDF)  dissolved  in  N- 
methylpyrolline  onto  a  copper  foil  with  the  doctor  blade 


2 el°  2 81° 

Fig.  2.  XRD  pattern  of  as-prepared  Li4 Ti5_xZnx012:  (a)  x  =  0;  (b)  x  =  0.05;  (c)  x  =  0.1;  (d)  x  =  0.15;  (e)  x  =  0.2. 
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Fig.  3.  Raman  spectra  ofU4Ti5  xZnx012:  (a)  x  =  0;(b)x  =  0.05;  (c)  x  =  0.1 ;  (d)  x  =  0.15; 
(e)  x  =  0.2. 


Fig.  5.  Initial  charge-discharge  characteristics  curves  of  Li4Ti5  xZnxOi2/Li  coin  cells 
carried  out  galvanostatically  between  0  and  2.5  V  at  0.5  C  charge-discharge  rate:  (a) 
x  =  0,  (b)  x  =  0.05,  (c)  x  =  0.1,  (d)  x  =  0.15  and  (e)  x  =  0.2. 


technology.  After  coating,  the  film  was  dried  in  a  vacuum  oven  at 
100  °C  for  12  h,  pressed,  and  then  cut  into  a  sheet.  The  thickness  of 
electrode  prepared  in  this  study  is  about  30  pm.  Before  using,  the 
sheet  was  dried  in  a  vacuum  chamber  at  120  °C  for  10  h.  Two- 
electrode  batteries  (CR2032)  for  cycles  were  assembled  in  an  Ar- 
filled  glove  box  using  a  metal  lithium  foil  as  counter  electrode, 
1  M  LiPF6  in  a  1:1  (v/v)  mixture  of  ethylene  carbonate  (EC)  and 
dimethyl  carbonate  (DMC)  as  electrolyte  and  Celgard  2300  poly¬ 
propylene  as  separator. 

TG/DSC  measurements  were  conducted  on  NETZSCH  STA  449C 
differential  scanning  calorimeter  at  a  scanning  rate  of  5  °C  min  1 
from  30  to  830  °C  in  an  air  atmosphere.  XRD  was  performed  on 
Rigaku  D/MAX-2400  X-ray  diffractometer  with  Cu  I<ai 
(10°  <26  <  80°)  monochromated  radiation  in  order  to  identify  the 
crystalline  phase.  Raman  measurements  were  performed  on  an 
SPEX-1403  Raman  spectrometer.  The  laser  light  source  was  the 
488  nm  line  of  an  Ar+  laser  excited  at  400  mW.  All  the  powder 
samples  were  pressed  into  pellets  before  measurements.  The 
particle  morphologies  were  examined  with  a  scanning  electron 
microscope  (Hitachi,  S-4000).  Cyclic  voltammograms  of  both  elec¬ 
trodes  were  measured  on  an  electrochemical  workstation  (CHI 
852C)  between  0  and  3  V  (versus  Li/Li+).  EIS  measurements  were 
carried  out  in  two-electrode  cells  by  using  Zahner  Zennium  IM6ex 
electrochemical  workstation  with  a  ±5  mV  ac  signal  and  a  frequency 
range  from  104  to  0.01  Hz.  The  difference  between  two-electrode 
system  and  three-electrode  system  is  that  the  impedance  spec¬ 
trum  of  the  two-electrode  system  is  equal  to  the  sum  of  the  spectra 
of  the  positive  and  the  negative  electrodes  in  a  three-electrode 


system  [18,19],  EIS  measurement  of  fresh  Li4Tis_xZnxOi2  (x  =  0, 
0.05, 0.1  )/Li  batteries  was  performed  at  the  potential  of  open  circuit 
voltage  (about  3.0  V).  Charge— discharge  performance  was  charac¬ 
terized  galvanostatically  on  Land  2000  T  (Wuhan,  China)  tester  at 
0.5  C,  3  C  and  5  C  charge-discharge  rate  between  0.0  and  2.5  V 
(versus  Li+/Li),  respectively. 

3.  Results  and  discussion 

Fig.  1  shows  the  TG-DSC  curves  of  the  mixture  of  precursor 
powders  with  a  heating  rate  of  5  °C  min-1  from  room  tempera¬ 
ture  to  830  °C  in  air.  It  can  be  seen  that  the  little  weight  loss  of 
the  first  region  may  be  attributed  to  the  superficial  water  loss 
due  to  the  hygroscopic  nature  of  the  precursor  complex.  The  DSC 
curve  shows  an  endothermic  peak  at  about  200  °C,  which  is 
attributed  to  the  loss  of  water  of  chemical  bond  water  in  the 
samples.  There  are  two  broad  exothermic  peaks  on  the  DSC 
curves,  associating  with  a  noticeable  weight  lose  in  the  TG  curve 
between  350  and  750  °C.  The  weight  loss  occurred  during  this 
stage  because  of  a  violent  oxidation-decomposition  reaction.  It  is 
due  to  the  decomposition  of  the  inorganic  constituents  of  the 
precursor  followed  by  crystallization  of  Li4Tis_xZnxOi2  phase. 
When  the  temperature  is  above  750  °C,  the  TG  curve  is 
stationary,  which  indicates  that  the  decomposition  is  almost 
complete.  It  can  be  concluded  that  the  crystallization  of  lithium 
titanate  has  almost  formed  at  about  750  °C,  and  that  any  further 
heating  only  makes  the  structure  of  samples  more  crystalline. 


Fig.  4.  SEM  of  the  as-prepared  Li4Ti5  xZnx012:  (a)  x  =  0;  (b)  x  =  0.05;  (c)  x  =  0.1. 


T.-E  Yi  et  al.  /  Journal  of  Power  Sources  215  (2012)  258-265 


261 


Fig.  6.  Structure  of  Li4Ti50,2,  Li7Ti50i2  and  Li9Ti50i2. 


Based  on  the  above  analysis,  it  is  necessary  to  calcine  the 
precursor  above  750  °C. 

The  XRD  pattern  of  the  annealed  Li4Tis_xZnxOi2  is  shown  in 
Fig.  2.  All  peaks  were  in  accordance  with  the  standard  diffraction 


peaks  of  LUTisO^  with  PDF  number  of  72-0426.  This  means  that 
the  low  dose  doping  of  Zn2+  cannot  appear  to  change  the  basic 
Li4Ti50i2  structure,  but  slightly  changes  the  diffraction  angle  due  to 
the  atom  size  effect  as  plotted  in  Fig.  2.  It  can  be  found  a  slight  shift 


Fig.  7.  Cycling  performance  of  the  Li4Ti5_*Znx012  samples  at  different  charge-discharge  rates,  (a)  0.5  C,  (b)  3  C  and  (c)  5  C 
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in  the  diffraction  peaks  to  the  higher  26  values  for  the  sample  Zn- 
doped  LTO  compared  to  pure  LTO,  indicating  that  the  lattice 
parameter  of  the  Zn-doped  LTO  samples  is  slightly  smaller  than 
that  for  the  pure  LTO  samples.  It  may  be  explained  by  the  following 
fact:  (1)  Zn2+  ion  (0.74  A  [20])  has  a  smaller  ionic  radius  than  that  of 
Li+  of  the  octahedral  sites  (0.76  A  [12]),  and  then  the  Li+  of  the 
octahedral  sites  may  be  substituted  Zn2+;  (2)  there  is  a  transition 
from  Ti3+  ion  (0.67  A  [20])  to  Ti4+  ion  (0.605  A  [20])  due  to  the 
divalent  zinc  doping.  There  is  no  (220)  peak  in  LLtTLj.gsZno.osO^  as 
shown  in  Fig.  2,  and  this  also  can  prove  that  no  Zn2+  is  located  at 
the  8a  sites  according  to  Ref.  [21],  Hence,  the  structure  of 
Li4Ti5_xZnxOi2  may  be  shown  the  cation  distribution  to  be 
[Li3]8a[Lij,]c[Lii_yTi5_xZnx]16d[Oi2]32e-  The  intensity  ratio  of  /(311)/ 
/( 111 )  and  /(400)//(lll )  obviously  increases  with  increasing  of  the  Zn- 
doped  amount,  indicating  that  the  increased  amount  of  Li+  located  at 
the  8a  and  16c  sites  due  to  the  Zn  doping.  The  changes  in  these  peaks’ 
intensity  also  assure  us  that  Zn2+  has  entered  the  crystal  lattice. 

Li4Ti5_xZnxOi2  (x  =  0,  0.05,  0.1,  0.15,  0.2)  samples  were  investi¬ 
gated  by  Raman  spectroscopy  as  plotted  in  Fig.  3.  As  shown  in  Fig.  3, 


five  vibration  peaks  were  observed  at  253,  346,  425,  674  and 
744  cm-1,  respectively.  The  two  higher  frequency  bands  (674  and 
744  cm-1)  are  assigned  to  the  vibrations  of  Ti-0  bonds  in  TiC>6 
octahedra.  The  middle  frequency  bands  in  the  range  of  Raman  shift 
300—500  cnr1  can  be  assigned  to  the  stretching  vibrations  of  the 
Li— O  bonds  in  Li04  and  LiC>6  polyhedra,  respectively  [22],  The  Zn 
doping  cannot  change  vibration  characteristic  of  LTO,  and  this  also 
indicates  that  Zn  doping  cannot  change  the  basic  Li4Ti50i2 
structure. 

The  SEM  of  the  as-prepared  Li4Ti5_xZnxOi2  (x  =  0,  0.05,  0.1)  in 
Fig.  4  shows  that  the  material  is  well  crystallized  with  a  particle  size 
in  the  range  of  1-2  pm.  It  can  be  found  that  the  Zn2+  substitution  to 
some  extent  reduces  the  particle  size  of  LTO. 

The  specific  capacities  of  various  Li4Tis_xZnxOi2  samples  deter¬ 
mined  by  charge— discharge  curves  at  a  constant  current  density  of 
0.5  C  between  the  cut-off  voltages  of  2.5  and  0.0  V  are  shown  in 
Fig.  5.  From  the  figures,  it  can  be  seen  similar  type  of 
charge-discharge  profiles  for  the  doped  and  undoped  specimens, 
revealing  that  the  doping  cannot  change  the  basic  spinel  structure. 


Fresh  Li4Ti5-xZnxOi2/Li  cell 


Li4Ti5-xZnxO  i2/Li  cell  after  100  cycles 


at  1  C  charge-discharge  rate 


Sample 

?>a/v  j 

<pe/V 

(tpa-(pc)  /m  V 

Sample 

cpJV 

cpJW 

( (Pa-<Pc )  /m  V 

(a) 

1.732 

1.471 

261 

(a) 

1.784 

1.451 

333 

(b) 

1.694 

1.473 

221 

(b) 

1.769 

1.445 

324 

(c) 

1.683 

1.485 

198 

(c) 

1.761 

1.451 

310 

(d) 

1.704 

1.458 

246 

(d) 

1.721 

1.461 

260 

(e) 

1.689  j 

1.469 

220 

(e) 

1.744 

1.456 

288 

Fig.  8.  Cyclic  voltammetry  (CV)  and  values  of  the  CV  peaks  for  Ii4Ti5_xZnx0u/Li  cell  between  0  V  and  3  V:  (a)  x  =  0,  (b)  x  =  0.05,  (c)  x  =  0.1,  (d)  x  =  0.15  and  (e)  x  =  0.2. 


T.-E  Yi  et  al.  /  Journal  of  Power  Sources  215  (2012)  258-265 


263 


There  are  an  obvious  slope  from  1.55  to  0.75  V,  a  plateau  between 
0.75  and  0.6  V,  and  an  inclined  curve  from  0.6  to  0.0  V.  It  is  obvious 
that  zinc  doping  improves  the  initial  discharge  capacity  of  Li4Ti5Oi2 
charge-discharged  at  low  rate  (0.5  C).  and  the  initial  discharge 
capacity  of  Ii4Ti4.8Zno.2O12  arrives  at  272  mAh  g  1  that  matches 
well  with  the  expected  theoretical  capacity  of  298  mAh  g-1  for 
LUTisO^.  In  addition,  Zn-doped  LTO  materials  have  a  long 
discharge  plateau  at  1.55  V  than  that  of  pure  LTO,  indicting  that  Zn- 
doped  LTO  materials  have  a  power  density  than  that  of  pure  LTO. 
The  lower  charge  plateau  of  Zn-doped  LTO  than  that  of  pure  LTO 
shows  that  the  charge  acceptance  of  LTO  doped  by  zinc  may  be 
better  than  the  undoped  LTO.  The  insertion/deinsertion  of  lithium 
in  Li4Ti5Oi2,  Li7Ti50i2  and  LigTi50i2  phases  during 
charge-discharge  processes  is  depicted  schematically  in  Fig.  6. 
According  to  Fig.  6,  Li4+xTi50i2  (0  <  x  <  5)  can  be  further  denoted  as 
[Li3]8a[  ]l6c[Ti5Li]i6d[Oi2]32e  (LLfTisO^),  [  ]8a[Li6]l6c[Ti5Li]i6d[Oi2]32e 
(Li7Ti50i2)  corresponding  to  the  1.55  V  plateau  and 
[Lix]8a[Liy]8b[Li6]i6c[Li2-x-y]48f[Ti5Li]i6d[Oi2]32e  (Li9Ti50i2)  corre¬ 
sponding  to  the  capacity  below  1.0  V.  It  is  easy  to  understand  all  the 
electrochemical  energy  comes  from  reversible  redox  reactions 
between  Ti3+  and  Ti4+. 

Fig.  7  shows  the  cyclic  performance  of  the  Li4Ti5_xZnxOi2  (x  =  0, 
0.05,  0.1,  0.15,  0.2)  samples  at  different  charge-discharge  rates.  It 
can  be  observed  that  the  Zn-doped  samples  exhibit  high  discharge 
capacity  and  good  cycling  stability  at  3  C  and  5  C  rates.  The  capacity 
of  Li4TisOi2  discharged  at  3  C  rate  was  201  mAh  g-1,  which  was 
lower  than  the  corresponding  value  of  223,  214,  204,  and 
223  mAh  g-1  for  Li4Ti5_xZnxOi2  (x  =  0,  0.05,  0.1,  0.15,  0.2),  respec¬ 
tively.  After  100  cycles,  Li4Tis_xZnxOi2  (x  —  0.05,  0.1,  0.15,  0.2) 
materials  also  have  higher  capacity  than  that  of  LLjTisO^.  As  the 
discharge  rate  increased,  the  capacities  gradually  decreased.  Linder 
the  high  C  rate,  the  doping  effect  on  the  rate  capability  becomes 
more  pronounced.  Li4Ti5_xZnxOi2  (x  =  0,  0.05,  0.1,  0.15,  0.2)  mate¬ 
rials  have  higher  initial  capacity  than  that  of  L^TisO^  at  5  C  rate, 
and  Zn-doped  materials  have  higher  cycling  performance  than  that 
ofLi4Ti5Oi2  at  any  rate  mentioned  above.  It  could  be  concluded  that 
the  high  doping  level  is  beneficial  to  enhance  the  electrochemical 
performance,  especially  when  a  high  C  rate  charge/discharge  is 
implemented.  Fig.  7  clearly  indicates  excellent  cyclic  performance 
of  Li4Ti4.8Zno.2O12,  with  the  doped  other  Zn-doped  LTO  powder 
having  much  better  rate  capability  than  the  pure  Li4Ti50i2  powder. 
This  shows  that  the  Zn  doping  improves  the  rate  capability  of  LTO, 
and  the  excellent  rate  capability  may  be  attributed  to  the  high 
electrical  conductivity  and  fast  lithium-ion  diffusion.  These  excel¬ 
lent  electrochemical  properties  make  Zn-doped  LTO  a  prime 
candidate  for  use  as  anode  material  in  commercial  lithium-ion 
batteries. 

Fig.  8  presents  typical  cyclic  voltammetry  (CV)  of  Li4Tis_xZnxOi2 
(x  =  0,  0.05,  0.1,  0.15,  0.2)  materials  after  0  and  100  cycles 
charge— discharged  at  1  C  rate.  Both  pristine  LUTisO^  and 
Zn-doped  LTO  show  a  pair  of  sharp  and  reversible  redox  peaks  at 
about  1.5  V,  indicating  the  good  electrode  kinetic  of  all  anodes.  The 
cathodic  peak  ( q>c )  located  at  around  1.5  V  (versus  Li+/Li)  corre¬ 
sponds  to  the  voltage  plateau  of  the  first  cycle  discharge  process  in 
terms  of  which  Li  intercalated  into  the  spinel  LUTisO^  [23],  An 
anodic  peak  (<pa)  occurred  at  around  1.7  V  versus  Li+/Li,  corre¬ 
sponding  to  the  flat  voltage  of  charge  process  [24],  The  potential 
difference  ( <p3  —  rpc)  between  anodic  and  cathodic  peaks  can  reflect 
the  polarization  degree  of  the  electrode  [25,26],  For  the  fresh 
Li4Ti5_xZnxOi2/Li  cell,  the  potential  difference  (<pa  -  <pc)  of  all  Zn- 
doped  LTO  electrodes  is  lower  than  that  of  pure  Li4Ti5Oi2.  After 
100  cycles  charge-discharged  at  1  C,  the  potential  difference 
(<Pa  —  <Pc)  of  all  Zn-doped  LTO  electrodes  is  obviously  lower  than  that 
of  pure  LUTisO^.  This  demonstrates  that  lithium  ions  are  interca¬ 
lation  and  deintercalation  reversible  in  the  Zn-doped  LTO  electrode. 


Fig.  9.  (a)  Nyquist  plots  and  (b)  equivalent  circuit  of  Li4Ti5_xZnx012  (x  =  0,  0.05,  0.1) 
electrode.  Inset  is  the  enlarged  Nyquist  plot  of  Li4Ti5-*Zn*0,2  (x  =  0.05,  0.1). 

This  observation  suggests  that  the  Zn  doping  enhances  the 
reversibility  of  the  LTO.  These  results  are  in  agreement  with  the 
charge— discharge  analysis  given  earlier. 

To  investigate  the  lithium-ion  insertion  mechanism  at  the 
electrode/electrolyte  interface,  E1S  measurements  were  carried  out 
for  the  fresh  L4Ti5_xZnxOi2  (x  =  0, 0.05, 0.1 )  electrode.  Fig.  9a  shows 
the  Nyquist  plots  obtained  from  the  spinel  Li4Tis_xZnxOi2  (x  =  0, 
0.05,  0.1)  electrode.  Inset  shows  Nyquist  plots  for  bulk 
LLiTi5_xZnxOi2  (x  =  0.05,  0.1).  To  understand  this  phenomenon 
better,  the  experimental  impedance  data  was  fitted  to  an  equivalent 
circuit  as  plotted  in  Fig.  9b.  In  the  EIS  patterns,  one  semi-circle  (high 
frequency  region)  and  a  straight  line  (low-frequency  region)  shapes 
are  noted,  which  are  related  with  the  formation  of  SEI  and  diffusion 
of  Li+  ions  [27,28],  In  this  equivalent  circuit,  W  is  the  Warburg 
impedance  of  solid-phase  diffusion  [29],  and  Rs  and  Ra  represent 
the  ohmic  resistance  and  the  charge  transfer  reaction  related  to 
lithium-ion  interfacial  transfer,  coupled  with  a  capacitance  at  the 
surface  film/Li4Ti5Oi2  particle  interface  [4],  The  interfacial  capaci¬ 
tance  is  represented  by  the  constant  phase  elements  (CPEs).  The 
low-frequency  region  cannot  be  modeled  properly  by  a  finite 
Warburg  element.  We  have  chosen,  therefore,  to  replace  the  finite 
diffusion  by  a  CPE,  i.e.,  Q.  CPE  involves  double  layer  capacitance 
with  a  rough  electrode  surface,  in  the  Nyquist  plot,  and  it  is  shown 
with  a  characteristic  of  depressed  semi-circle  at  high  frequency 
region  [30],  It  can  be  seen  from  Table  1  that  the  Rs  values  of 
different  samples  are  almost  constant,  whereas  Rct  values  vary 
greatly  with  different  samples.  The  difference  of  Rs  values  between 
LTO  and  Zn-doped  LTO  may  be  caused  by  the  simulated  errors. 
Zn-doped  LTO  materials  exhibit  much  lower  charge  transfer 
resistance  than  the  pristine  LLjTisO^,  and  it  may  be  explained  by 
the  following  fact:  (1)  Zn  doping  can  decrease  the  particle  size 

Table  1 

Fitted  results  from  EIS. 


Li4Ti50i2  Li4Ti4.95Zno.05O,;,  Li4Ti4.gZno.iOi2 

Rs/Q  838  8.468  8.352 

Rrt/O  663.4  289.2  283 

DLi/cm2  s  1  7.48  x  10~15  3.36  x  1012  1.38  x  10  12 
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Fig.  10.  Graph  of  Zre  plotted  against  w  13  at  low-frequency  region  for  I.L/IT,  xZnxO,^ 
(x  =  0,  0.05,  0.1)  electrodes. 


(Fig.  4)  and  thus  increase  the  area  for  electrode  reaction  and 
shorten  the  diffusion  path  of  the  lithium  ion;  this  factor  can  facil¬ 
itate  the  charge  transfer  process  and  decreases  the  value  of  Rct;  (2) 
Zn  doping  improves  the  conductivity  of  LTO.  As  analyzed  above,  it  is 
reasonable  that  the  minimum  Rc t  value  of  Zn-doped  LTO  means 
a  lower  electrochemical  polarization,  and  then  leads  to  higher  cycle 
performance  at  high  charge-discharge  rate. 

The  diffusion  coefficient  (Du)  of  lithium  ion  can  be  calculated 
from  the  plots  in  the  low-frequency  region.  The  equation  for  the 
calculation  of  Du  values  by  EIS  can  be  expressed  as  [31—33]: 

Zre  =  Rct  +  Rs  +  (1) 


=  (m 

2(An2F2CLi<r)2 


where  the  meanings  of  T  is  the  absolute  temperature,  R  the  gas 
constant,  n  the  number  of  electrons  per  molecule  during  oxi¬ 
dization,  A  the  surface  area,  F  the  Faraday’s  constant,  Cu  the 
concentration  of  lithium  ion,  to  the  angular  frequency,  and  a  is  the 
Warburg  factor  which  has  relationship  with  Zre.  The  Zre—M~112  plots 
are  presented  in  Fig.  10.  A  linear  characteristic  could  be  seen  for 
every  curve.  The  diffusion  coefficient  of  lithium  ion  is  calculated 
based  on  Eqs.  (1)  and  (2),  and  the  calculated  diffusion  coefficients 
are  given  in  Table  1.  Li4Ti4.9Zno.1O12  had  a  diffusion  coefficient  of 
1.38  x  10-12  cm2  s  ',  which  is  almost  185  times  higher  than 
7.48  x  10-15  cm2  s-1  for  LUTisO^.  This  result  clearly  indicates  that 
the  lithium-ion  mobility  of  LUTisO^  can  be  effectively  improved  by 
Zn  doping.  Based  on  the  above  results  and  discussion,  divalent  Zn2+ 
doping  results  in  lower  electrode  polarization  and  a  higher  lithium- 
ion  diffusion  coefficient.  Therefore,  Zn  doping  can  effectively 
improve  the  electrochemical  performance  of  LLjTisO^  in  terms  of 
discharge  capacity,  rate  capability,  etc. 


4.  Conclusion 

Li4Ti5_xZnxOi2  (x  =  0,  0.05,  0.15,  0.2)  spinel  was  prepared  by 
a  solid-state  reaction.  The  electrochemical  reaction  process  has  not 
been  changed  by  Zn  doping,  as  indicated  by  charge— discharge  test 
and  CV.  Even  though  the  material  has  a  particle  size  of  1  —2  pm,  Zn- 


doped  LTO  shows  very  high  rate  capability  and  excellent  capacity 
retention.  The  capacity  of  Li4Ti4.sZno.2O12  is  as  high  as  186  mAh  g-1 
at  a  5  C  charge-discharge  rate  after  200  cycles.  This  high  discharge 
rate  performance  of  Zn-doped  LTO  is  consistent  with  diffusion 
coefficient  (Du)  of  lithium  ion  of  the  activation  barrier  for  lithium 
motion.  LLjTLigZno.iO^  had  a  diffusion  coefficient  of 
1.38  x  10-12  cm2  s-1,  which  is  almost  185  times  higher  than 
7.48  x  10-15  cm2  s  1  for  Li4Ti5Oi2.  This  observation  suggests  that 
the  Zn  doping  enhances  the  reversibility  of  the  LTO.  The  ease  of 
synthetic  preparation  of  Zn-doped  LTO  anode  material  together 
with  its  stable  electrochemical  performance  at  high 
charge-discharge  rate  shows  promise  for  high-power  energy 
storage  applications. 
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